We have found a null mutant of an odorant-binding protein, Obp57e, in Drosophila melanogaster. This frameshift mutation, which is a 10-bp deletion in the coding region, is at a high frequency in the Kyoto population and is also present in Taiwan and Africa. We have sequenced a 1.5-kb region including the tandemly duplicated gene, Obp57d, from 16 inbred lines sampled in Kyoto, Japan. The analyses showed a peak of nucleotide diversity and strong linkage disequilibrium around this mutation. This pattern suggests an elevated mutation rate or an influence of balancing selection in this region. The level of nucleotide divergence between D. melanogaster and D. simulans does not support the former possibility. Thus, this presence/absence polymorphism may be due to balancing selection, which takes advantage of the relatively weak functional constraint in members of a large gene family. In addition, the Obp57d gene region showed an excess of high-frequency-derived mutants that is consistent with a pattern predicted under positive natural selection.
M ANY gene families arise as a result of recurrent
to be under balancing selection (Stahl et al. 1999; Tian et al. 2002) . In these cases, a balance between selection gene duplication events. Many of these genes would either acquire new functions or be degenerated for disease resistance and cost of resistance when pathogens are absent seems to exist. So far, a signature of balancbecause of decreased functional constraints. In the gene families of chemoreceptors, for example, there are ing selection between wild-type and null alleles is rarely observed in genes other than those involved in disease many putative null mutants that are segregated in human and Drosophila populations (Menashe et al. 2002, resistance or immunity. Recently, a large family of odorant-binding proteins 2003; Robertson et al. 2003; Takano-Shimizu et al. 2004; A. Kawabe and T. Takano-Shimizu, unpublished (OBPs) was identified in Drosophila (Galindo and Smith 2001; Graham and Davies 2002; Hekmat-Scafe et al. data) . These null mutants are typically inferred from the annotated gene sequences, and information on their 2002; Vogt et al. 2002) . The family contains up to 51 functional aspects is scarce. A population genetic apputative members that are expressed in olfactory and proach is one way to gain insight into the function and gustatory organs (Galindo and Smith 2001; Hekmatevolutionary dynamics of this class of mutations. If the Scafe et al. 2002) . The exact function of these proteins selective constraints on those duplicated genes are exis not known, but they seem to play an important role tremely weak due to functional redundancy, it is possible in odor detection by restricting the odorants accessible that null mutants act almost like neutral alleles and segreto specific receptors (Vogt et al. 1991) . We expect to find gate in a population at some frequency. Alternatively, in a reasonable amount of null mutants in OBPs, considersome genes under certain conditions, both wild-type and ing that many such null mutants have been found in null alleles could be subjected to balancing selection. the receptor side. This is the case with the disease resistance (R) genes of We focused on one tandemly duplicated pair of odorArabidopsis. In the R genes, Rpm1 and RPS5, the preant-binding proteins, Obp57d and Obp57e. These two sence/absence polymorphisms of the genes are shown genes are known to be expressed in the same four cells of tarsi (Galindo and Smith 2001) and thus may have an overlapping function that could have weakened the functional constraints on one or both of them. Our survey estimation and permutation tests of F ST levels (Hudson et al. surrounding DNA regions of these two genes and to 1992) between the Obp57e indel types at positions [1151] [1152] [1153] [1154] [1155] [1156] [1157] [1158] [1159] [1160] investigate if there was any pattern that deviated from were performed using the ProSeq program. Tajima's test neutrality. (Tajima 1989) Kyoto, Japan, in (Hudson et al. 1987) were also performed using the DnaSP 2002. The flies were subjected to Ͼ9 generations of sib mating program. to avoid ambiguity in sequencing heterozygotes. The number of generations is preceded by a "G" in each line of Figure 2 . Sixteen inbred lines were established as population samples. One D. simulans line from Africa (Sim5G69), which went RESULTS through 69 generations of sib mating, was used as an outgroup.
We sequenced the 1585-bp region, including the two these genes. In addition, among the six amino acid Data analyses: DNA sequences were aligned using the Clustal W program (Thompson et al. 1994) . The level of nucleotide changes in Obp57d and the two found in the four intact diversity (), nucleotide divergence, population recombinaObp57e lines (Figure 1 ), four were conservative in terms tion rate (C ϭ 4N e r, where N e is effective population size and of charge, polarity, and volume using the criteria by also confirmed the exon-intron boundary predicted in and P might be greater than that obtained by the simulation model. the database by sequencing the RT-PCR products (data not shown) to make sure that the deletions found in Another explanation for the high nucleotide diversity around this frameshift mutation is that it is a mutation the coding regions disrupt translation.
We surveyed 13 African isofemale lines and 3 nonhotspot. To investigate this possibility, we performed a sliding-window analysis of the divergence between D. African lines to investigate whether the frameshift mutation of Obp57e at positions 1151-1160 is present in other melanogaster and D. simulans; Figure 4C shows a moderate elevation of divergence level around positions 1100-regions of the world. The results indicate that the mutation found in Kyoto is not a locally occurring new muta-1200. However, it is not the highest peak in the diagram or beyond the normal divergence level. Therefore, an tion, but exists in worldwide populations and thus could be quite old (Table 1) . elevated mutation rate hypothesis is not supported from our data. This frameshift mutation (deletion at positions 1151-1160) could be merely drifting to high frequency due Sliding-window analyses of divergence between wildtype and deletion and that of nucleotide diversity within to weak functional constraint. Alternatively, if it is under some type of balancing selection, a sliding-window analyeach of the two types were then performed to determine if the frameshift mutation (deletion at positions 1151-sis should reveal elevated nucleotide diversity around this mutation. The analysis showed a peak of nucleotide 1160) is responsible for the heterogeneity of nucleotide diversity observed in Figure 4A . The former showed a diversity of silent sites at the window surrounding this mutation ( Figure 4A ). We tested whether this heterogesimilar peak pattern to the pooled sample, whereas the latter two did not. This indicates that the peak pattern neity in nucleotide diversity levels was statistically significant. To be conservative, we used the concatenated of is due to divergence of these two alleles. The peak of divergence between the two alleles shown in Figure  sequence of introns and third-position amino acid sites. The concatenated sequence with a size of 998 bp also 4B (0.077 at the window surrounding position 1164) may be close to the divergence level between D. melanoshowed elevated level at four adjacent 100-bp windows with a step size of 25 bp (175 bp). The maximum gaster and D. simulans, which is estimated to be ‫-50.0ف‬ 0.10. For example, the divergence in the Obp57d region value of 175-bp windows with a step size of 1 was 0.032. In this data set, ϭ 0.012 and the estimated C ϭ 4N e r ϭ was estimated to be 0.10 including all sites, and 0.15 when using silent sites. Recent data by DuMont et al. 0.001. We generated 100 sets of 16 random sequences using these parameters by coalescent simulation. The (2004) showed that the average divergence between D. melanogaster and D. simulans was 0.078 among 27 intron probability that the maximum value among 175-bp windows with a step size of 1 is Ն0.032 in these generated regions, and 0.124 among synonymous sites of 81 genes. We also tested for a significant association of Obp57e data sets was P ϭ 0.04. Thus, heterogeneity of nucleotide diversity in this gene was significant at the 5% level.
sequence variation with the wild-type or null (deletion) variation at positions 1151-1160 by analyzing differentiNevertheless, it should be noted that because the simulations assume a constant panmictic population, we canation. We have utilized F ST (Hudson et al. 1992 ), a parameter generally used to measure population differennot exclude the possibility that the true variance of gion, there was only one significant pair. No significant pairs were found after correction when all the sites from both regions were compared, indicating that a strong LD between the two regions did not exist (see also  Figure 2 polymorphism table) . There were more pairs of sites in LD in the Obp57e region than in the Obp57d region. To see if this difference was due to the longer range of LD in the Obp57e region, LD expressed by the square of correlation coefficient (R 2 ) was plotted against distance between the pairs of sites ( Figure 5B ). The ing that the reason for more significant pairs in the latter region was probably not due to the smaller r.
Frequency spectra of polymorphic sites in Obp57d and tiation to test whether the differentiation between two
Obp57e regions are shown in Figure 6 . There was an different alleles at positions 1151-1160 is greater than excess of high-frequency-derived variants in the Obp57d expected from a random mixing of a set of sequences.
region (H ϭ Ϫ11.75, P ϭ 0.007; Fay and Wu 2000; The strain with another null mutant at positions 1226-Tajima's D ϭ Ϫ0.46, P Ͼ 0.10; Tajima 1989), indicating 1241 (KY02101) was excluded from the analysis. The a signature of positive natural selection. However, desequence differentiation between the wild-type and null spite the unusual pattern seen in the Obp57e region, the (deletion) alleles was significant in the Obp57e region spectrum revealed no significant deviation from neutral-(F ST ϭ 0.68, P Ͻ 0.001), but not in the proximal Obp57d ity (H ϭ Ϫ4.85, P Ͼ 0.10; Tajima's D ϭ Ϫ0.79, P Ͼ region (F ST ϭ 0.17, P ϭ 0.064).
0.10). The LD between pairs of all the polymorphic sites is
If the Obp57d region is under positive directional seshown in Figure 5A . After correcting for multiple tests, lection and the Obp57e is under balancing selection, as there were 21 significant pairs of sites in the Obp57e suggested from the above analyses, a lower-than-neutral region surrounding the position of the frameshift mutation at positions 1151-1160, whereas in the Obp57d relevel of polymorphism is expected in the former and a higher-than-neutral level of polymorphism is expected site, the comparison of the whole region may not be sensitive enough for this rather conservative test. in the latter. HKA tests were performed between the two regions to test for this relative difference, contrasting with the interspecific divergence levels (Table   DISCUSSION 2). Since there was an unalignable region between D. melanogaster and D. simulans in the Obp57e region (posiWe found a high frequency of a null mutation of Obp57e in a natural population of D. melanogaster. In a tions 815-939), it was excluded from the analysis. The test between the two regions was not significant (P ϭ population sample from Kyoto, Japan, some aspects of the flanking DNA sequences deviate from the neutral 0.090; Table 2) ; however, when we tested between the Obp57d region and the region directly flanking the site expectation. A peak of nucleotide diversity around this mutation is caused by divergence between the wild-type of frameshift mutation (exon 1 and intron 1 of Obp57e, positions 1108-1231), the result became significant (P ϭ and the null allele sequences. A sliding-window analysis of the partial sequences from six African lines revealed 0.021; Table 2 ). Because the effect of balancing selection appears only at a narrow region flanking the target a similar peak observed among African samples as well ( Figure 7 ). There is a large differentiation between the in the same year. The authors rejected neutrality by Tajima's test and Fay and Wu's test and argued the wild-type and the null alleles (F ST ϭ 0.68) and it is statistically significant in this gene region.
possibility of both selection and demographic factors. Nevertheless, further analysis of their data (52 haploAlthough these observations are consistent with the pattern seen under balancing selection, an alternative types with 59 segregating sites identified in 1786 bp) provided us with some information on the population possibility of population structure must be seriously considered. Demographic factors are not likely to affect structure. One thousand coalescent simulations on their data showed that the probability for having Յ52 haplojust a portion of the genome, but should influence many regions concurrently. The finding that all of the above types would be P ϭ 0.183. Despite the large sample size in their study, the paucity of haplotype numbers, which patterns are restricted to the region flanking the site that determines the presence/absence of the Obp57e gene is evidence of a strong recent population bottleneck, was not detected. Although we cannot deny a possibility and are not seen in the proximal Obp57d gene regions suggests that population structure is probably not the of complicated population history affecting our gene region, a simple model of bottleneck-causing biallellism major force forming the haplotype structure in this region.
observed in Obp57e is not likely. Although population bottleneck does not seem to be Another relevant data set is available from the same Kyoto population. Inomata et al. (2004) analyzed DNA a large factor in this population, we should note that the level of nucleotide diversity within deletion strains sequences of a gustatory receptor gene, Gr5a, in 152 samples collected at the same collection site in Kyoto is lower than that within wild-type strains ( Figure 4B ). (Ayala et al. 2002) , as indicated by elevated nucleotide variation around the sites predicted rectional or balancing selection after being maintained for a long time by balancing selection in a relatively to have functional divergences. The widths of these peaks are all Ͻ500 bp, as seen in Obp57e in our study restricted area.
Our data showed a higher number of significant pairs ( Figure 4A ). In Arabidopsis R genes, compatibility of the balancing selection model has been investigated by of sites in LD in the Obp57e region than in the Obp57d region ( Figure 5A ), but did not indicate a longer range coalescent simulation using the estimate of 2N e r from the map distances (Stahl et al. 1999; Tian et al. 2002 ; of LD in the former ( Figure 5B ). The length of the region Mauricio et al. 2003) . The widths of the peaks in nucleotide diversity are longer (several kilobases) than those in Drosophila genes. This is not surprising since LD in Arabidopsis is known to be extremely large compared to that of Drosophila. A genomic scale analysis in Arabidopsis thaliana showed that LD decays within ‫052ف‬ kb (Nordborg et al. 2002) , whereas in D. melanogaster, it typically decays within 1 kb (i.e., Long et al. 1998) . Despite the detailed experimental data on recombination frequencies (map distances), it is still difficult to obtain a reasonable estimate of population recombination rate in Drosophila. Indeed, there is an excess of LD relative to the standard neutral model in the non-African Drosophila population, given the estimated rate of crossing over from the map distances (Andolfatto and Przeworski 2000; Wall et al. 2002) . Therefore, we could not obtain the expected peak width in nucleotide diversity by coalescent simulations as in the studies of Arabidopsis R genes (Stahl et al. 1999; Tian et al. 2002; Mauricio et al. 2003) . did not favor a balancing selection model to explain
